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Thermal protection systemsAbstract Actively cooled thermal protection system has great inﬂuence on the engine of a hyper-
sonic vehicle, and it is signiﬁcant to obtain the thermal and stress distribution in the system. So an
analytic estimation and numerical modeling are performed in this paper to investigate the behavior
of an actively cooled thermal protection system. The analytic estimation is based on the electric
analogy method and ﬁnite element analysis (FEA) is applied to the numerical simulation. Temper-
ature and stress distributions are obtained for the actively cooled channel walls with three kinds of
nickel alloys with or with no thermal barrier coating (TBC). The temperature of the channel wall
with coating has no obvious difference from the one with no coating, but the stress with coating
on the channel wall is much smaller than that with no coating. Inconel X-750 has the best charac-
teristics among the three Ni-based materials due to its higher thermal conductivity, lower elasticity
module and greater allowable stress. Analytic estimation and numerical modeling results are com-
pared with each other and a reasonable agreement is obtained.
ª 2014 Production and hosting by Elsevier Ltd. on behalf of CSAA & BUAA.
Open access under CC BY-NC-ND license.1. Introduction
The high speciﬁc impulse enabled by air-breathing engines is a
key factor in the technology for the continued development
of advanced high-Mach-number aerospace ﬂight systems.
The aerothermodynamic characteristics of scramjet engines
have been extensively researched, and their potential was
successfully demonstrated. However, for parts of the
hypersonic vehicle design, there is an urgent need for strong,
lightweight, high-temperature and oxidation-resistant struc-
tures.1–3 The combustor must endure extremely demanding
Fig. 1 A typical hypersonic vehicle photo.32
1402 X. Wang et al.high-temperatures (near 1000 C) and oxidation conditions
when operating at Mach 7 cruise conditions.4–6 An actively
cooled thermal protection system is a good choice to solve this
problem. When the active cooling fuel ﬂows across the panels
of a combustor wall, the temperature of the engine reduces
while the temperature of the fuel rises, which will improve
the operating condition of the hypersonic vehicle. Continu-
ously repeated channels of these panel-fuel-panel sandwiches
allow internal ﬂuid transport and enable simultaneous active
cooling.7–10 Due to nickel-based superalloys’ high resistance
to damage and the availability of relatively low-cost manufac-
turing approaches, they are widely used in high-temperature
aerospace applications.11–17
Duplication of the hypersonic ﬂight environment requires
extreme temperatures and pressures coupled with complex
physical interactions. So the testing and evaluation of hyper-
sonic systems presents a unique set of challenges. Rakow and
Waas18,19 introduced and validated a novel experimental tech-
nique and load frame, which provides a signiﬁcant improvement
in the simultaneous preservation of thermal and mechanical
boundary conditions during thermomechanical structural test-
ing, and used it to evaluate sandwich panels with metal foam
cores which are applied as actively cooled thermal protection
systems in hypersonic vehicles. Langener et al.20 used a super-
sonic hot-gas-ﬂow test facility to investigate the application of
transpiration cooling to ceramic matrix composite materials
for scramjets. Song et al.21 performed a transpiration cooling
experiment using an optical heatingmethod that provides a heat
ﬂux as high as 234 W/cm2 on the surface of a specimen for a
scramjet engine. Qin et al.22–24 established a testing system
and conducted an experimental study on the operating charac-
teristics and performance of the re-cooling cycle of a hydrocar-
bon fueled scramjet engine with different ﬂow, heat transfer and
cracking conditions. Kumar et al.25 investigated the thermal
proﬁle of a sandwich-type metallic thermal protection system
ﬁlled with insulation over a period of 1000 s of experiments.
Ground-test facilities are limited in their ability to duplicate
all salient parameters simultaneously. Datasets from ﬂight
experimentation are also limited due to airspace range require-
ments for long-distance ﬂight corridors.26 Computational tech-
niques are a growing supplement to experiment; however,
analytical models and computational techniques are extremely
time-consuming, falling short of adequate ﬁdelity, and requir-
ing data to anchor and validate them.
Lu et al.7 used numerical simulations to get the thermal
characteristics of all-metallic sandwich structures with two-
dimensional prismatic and truss cores. Vermaak et al.27–30
developed a new processing method to study the high-temper-
ature performance of actively cooled vapor phase strengthened
nickel-based thermostructural panels and established a compu-
tational technique to determine shakedown limits for actively
cooled structures that withstand extreme thermomechanical
loads. Valdevit et al.31–33 developed a material selection meth-
odology for actively cooled rectangular panels. The procedure
incorporates an analytical model for temperature and stress
distributions subject to thermomechanical loads representative
of hypersonic ﬂight conditions. Pizzarelli et al.34,35 analyzed
the effect of wall heat conduction on the coolant ﬂow by means
of coupled computations between a validated Reynolds-aver-
aged Navier–Stokes equations solver for the coolant ﬂow ﬁeld
and a Fourier’s equation solver for the thermal conduction in
the solid material. Kontinos36 coupled a thermal analysismethod with application to metallic thermal protection panels.
Bao et al.37,38 proposed a 1D cooling channel model using
unsteady partial differential equations (PDEs) and taking into
account the strong dependencies of hydrocarbon fuel proper-
ties on temperature and pressure.
The literature review performed by the present authors did
not yield a deﬁnite model that can properly considers the cool-
ant ﬂow and thermomechanical loads for actively cooled ther-
mal protection systems with nickel alloys. As a result, the
objective of this study is to establish an analytic estimation
model to investigate actively cooled structures that withstand
extreme thermomechanical loads. Actively cooled systems with
three kinds of nickel alloys with and with no thermal barrier
coating (TBC) are investigated with this model and tempera-
ture and stress distributions are obtained.
2. Model
2.1. Physical model
A typical hypersonic vehicle is shown in Fig. 1, in which we
can see that the combustion chamber is surrounded by sand-
wich panels. The detailed structures of the sandwich panels
are shown in Fig. 2. The actively cooled panels suffer extre-
mely high thermal loads from the combustion chamber.
2.2. Thermal analysis
Four assumptions are used in this work to investigate the tem-
perature distribution of the active cooling system, which are
shown as follows:
(1) The top face of the panel is exposed to hot gases at a uni-
form adiabatic wall temperature Taw and constant con-
vective heat transfer coefﬁcient hG.
(2) The bottom face and the sides are thermally insulated.
All heat from the top face is carried away by the cooling
ﬂuid.
(3) The heat conduction along the length of the panel in
both the channel structure and the coolant is ignored.
(4) The coolant temperature is uniform at each cross sec-
tion, increasing with distance Z along the panel length
from an initial value Tf0 at the channel inlet to its max-
imum Tfmax at the outlet.
We select one panel unit as the analysis unit since the
actively cooled panel structure is repeated periodically. The
thermal resistance network is shown in Fig. 3, where
Fig. 2 Structures of the actively cooled system. (a) Schematic
of thermo-structural loads, variable deﬁnitions and coordinate
system.32 (b) Detailed structure of the outlet cross section.
Fig. 3 Schematic of therm
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across the TBC (when present): RTBC = tTBC/kTBC
across the hot face (y-direction): Rface = tf/ks
along the hot face (x-direction): Rh = (w+ tc/2)/(4ks)
top face/coolant boundary: Rcool = 1/hc
core web (modeled as a 1D thermal ﬁn)31,36: Rfin ¼ﬃﬃﬃﬃﬃﬃﬃ
2hc
kstc
r
ks
 1
artanh
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
2hc
kstc
L2
r
where R is the thermal resistance, ks is the thermal conductivity
of the panel material, kTBC is the thermal conductivity of the
TBC, hc is heat transfer coefﬁcient on the coolant side, t is
the thickness of the wall; subscript c means core web, subscript
f means face sheet; w is the width of cooling channel, and L is
height of cooling channel.
The model can be simpliﬁed into the effective network of
Fig. 3, where T means the temperature, subscript tfc means
the location on the top side of the top face away from a core
web, subscript tfw means the location on the top side of the
top face over a core web, Tf means the average temperature
of the fuel at the cross section of the channel; qw means the
heat ﬂux into the web, qc means the heat ﬂux convected from
the top face into the coolant and qh horizontal heat ﬂux in the
top face. This model characterized by four resistances, R1, R2w,
R2c, Rh, where R1 = RG + Rface/2, R2w = Rcool + Rface/2,
R2c = Rﬁn + Rface/2. Further simplifying, we can get the
effective network as shown in Fig. 4.
Based on the analogy of circuit analysis, ﬁve equations are
obtained for each circuit.
Taw  Tf ¼ qwR1 þ ðqw þ 2qhtf=wÞR2w
Taw  Tf ¼ qcR1 þ ðqc  2qhtf=tcÞR2c
Taw  Ttfw ¼ qwR1
Taw  Ttfc ¼ qcR1
Ttfc  Ttfw ¼ qhRh
8>>><
>>>:
ð1Þal resistance network.
Fig. 4 Schematic of effective network.
1404 X. Wang et al.Then the heat ﬂuxes can be obtained as
qc ¼
Taw  Tf
R1
Rc
qw ¼
Taw  Tf
R1
Rw
qh ¼
Taw  Tf
R1
Rh
8>>><
>>>>:
ð2Þ
where
Rw ¼R1½R2cRhþR1ðRhþ2R2ctf=tcþ2R2wtf=wÞ
a
Rc ¼R1½R2wRhþR1ðRhþ2R2ctf=tcþ2R2wtf=wÞ
a
Rh ¼R
2
1ðR2cR2wÞ
a
a¼R2cR2wRhþR21ðRhþ2R2ctf=tcþ2R2wtf=wÞ
þR1fR2wRhþR2c½Rhþ2R2wðtf=tcþ tf=wÞg
8>>>>>><
>>>>>>:
ð3Þ
The temperature of the coolant can be obtained by energy
balance equation
qfcp;fV
eff dT
dz
¼ wqwðZÞ þ tcqcðZÞ
wþ tc ð4Þ
where qfcp,f is the volumetric speciﬁc heat, V
eff is the volumet-
ric fuel ﬂow rate per unit width of the panel, z means the coor-
dinate and Z means the length along the z. The left side of Eq.
(4) calculates the heat absorption of the coolant and the right
side of Eq. (4) presents the heat transfer to the coolant.
Combining Eq. (4) with Eq. (2) we can get
dðTawTfÞ
dz
þ 1
R1qfcp;fV
eff
w
wþ tcRw
 þ tc
wþ tcRc

 
ðTawTfÞ¼0
ð5Þ
Then we can obtain
Taw  Tf
Taw  Tf0 ¼ expðbzÞ ð6Þ
where
b ¼ 1
R1qfcp;fV
eff
w
wþ tc Rw
 þ tc
wþ tc Rc

 
ð7Þ
and Tf is the average temperature of the coolant at the cross
section of the channel.
Based on the relationship between the temperature differ-
ence, heat ﬂux and thermal resistance, the temperatures at
points 1–8 in Fig. 2 are as follows:T1 ¼ Taw  ðTaw  TtfwÞ 1 1
2
 Rface
R1
 
T2 ¼ Taw  ðTaw  TtfcÞ 1 1
2
 Rface
R1
 
T3 ¼ Taw  ðTaw  TtfwÞ þ 1
2
Rface qw þ 2qh
tf
w
  
T4 ¼ Taw  ðTaw  TtfcÞ þ 1
2
Rface qc  2qh
tf
tc
  
T58 ¼ Taw  Taw  Tf  hðLÞh0 Rfinqc  2qh
tf
tc
 
Tfin ¼ Taw  Taw  Tf  hðyÞh0 Rfin qc  2qh
tf
tc
  
8>>>>>>>>>>>><
>>>>>>>>>>>>:
ð8Þ
Combined with the above analysis, the temperatures at
points 1–8 can be expressed as
T1¼TawðTawTf0Þ 11
2
Rface
R1
 
Rw expðbzÞ
T2¼TawðTawTf0Þ 11
2
Rface
R1
 
Rc expðbzÞ
T3¼TawðTawTf0Þ Rw þ 1
2
Rw þRh tf
w
 
Rface
R1
 
expðbzÞ
T4¼TawðTawTf0Þ Rc þ 1
2
Rc Rh tf
tc
 
Rface
R1
 
expðbzÞ
T58¼TawðTawTf0Þ 1hðLÞh0 
Rfin
R1
Rc 2Rh tf
tc
  
expðbzÞ
Tfin¼TawðTawTf0Þ 1hðyÞh0 
Rfin
R1
Rc 2Rh tf
tc
  
expðbzÞ
8>>>>>>>>>>><
>>>>>>>>>>>:
ð9Þ
where
hðyÞ
h0
¼ TðyÞ  Tf
Tð0Þ  Tf ¼
cosh
ﬃﬃﬃﬃﬃﬃﬃ
2hc
kstc
r
ðL yÞ
cosh
ﬃﬃﬃﬃﬃﬃﬃ
2hc
kstc
r
L
ð10Þ
where h(y)/h0 is the nondimensional ﬁn temperature, and T(y)
the temperature at the ﬁn along the y coordinate, T(0) is the
temperature at the bottom point in the ﬁn.2.3. Stress analysis
Plate bending and stretching theory is used in this work to
estimate the stress assuming the materials to be of linear elas-
ticity. The total stress consists of thermal and mechanical
stresses.
Temperature difference induces the thermal stress in the
panel. The main temperature differences are
DTtfc
Taw  Tf0 ¼
T2  T4
Taw  Tf0 ¼ Rc
  Rh tf
tc
 
Rface
R1
expðbzÞ ð11Þ
DTtfw
Taw  Tf0 ¼
T1  T3
Taw  Tf0 ¼ Rw
 þ Rh tf
w
 Rface
R1
expðbzÞ ð12Þ
DTpc
Taw  Tf0 ¼
T4  T5
Taw  Tf0
¼ R2c
R1
 Rfin
R1
 hðLÞ
h0
 
Rc  2Rh tf
tc
 
expðbzÞ
ð13Þ
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Taw  Tf0 ¼
T3  T5
Taw  Tf0 ¼ Rw
 þ 2Rh tf
w
 R2w
R1

 Rc  2Rh tf
tc
 
Rfin
R1
 hðLÞ
h0

expðbzÞ ð14Þ
where DTtfc, DTtfw, DTpc and DTpw mean the temperature
difference across the top face away from the core web, across
the top face above a core web, the panel away from the core
web, and across the panel above a core web respectively.
According to the Ref. 39, thermal stress has a relationship
with temperature difference and the properties of materials.
The temperature difference across the top face causes compres-
sion along its top surface and tension along its bottom surface.
These stresses are
rDTtfx ¼ rDTtfy ¼
 EaDTtf
2ð1 mÞ points 1; 2
EaDTtf
2ð1 mÞ points 3; 4
8><
>:
ð15Þ
whereDTtf = DTtfc, r is the stress, x and y are coordinates, m is the
Poisson’s ratio, E and a are the Young’s modulus and the coefﬁ-
cient of thermal expansion of the material, respectively. The aver-
age temperature difference between the top and bottom faces is
DTp = (DTpw + DTpc)/2, which causes the panel to deform uni-
formly in thexandydirections and thus generates the compression
in the top face and tension in the bottom face. Considering the
stretching stiffness of the core members along the y direction and
assuming the temperatures of the core and the bottom face as
the same in the steady state, the resulting additional stresses are
rDTpx ¼
 EaDTp
2ð1 mÞ points 1; 2; 3; 4
EaDTp
2ð1 mÞ points 5; 6; 7; 8
8><
>:
ð16Þ
rDTpy ¼
 EaDTpðAf þ AcÞð1 mÞð2Af þ AcÞ points 1; 2; 3; 4
EaDTpAf
ð1 mÞð2Af þ AcÞ points 5; 6; 7; 8
8><
>:
ð17Þ
where Af = tf(w+ tc) and Ac = (H  2tf)tc.
The mechanical stress caused by the external pressure from
the combustion gases pcomb is much less than the internal pres-
sure from the coolant pf, so the mechanical stress caused by the
pressure on the top face can be ignored in this work. It is
assumed that the bottom of the panel is ﬁxed. In the x direc-
tion, the mechanical stresses rpfx caused by pf can be divided
by two parts at points 1–4. One part of the rpfx is caused by
the pressure on the vertical side of the panel with a length of
L, and the other part of the rpfx caused by the pressure on
the horizontal side of the panel with a width of w, and the
length of the cross section is 2tf. Accord to Ref.
40, the ﬁrst part
of the rpfx can be calculated as
rpfx
pf
¼ L= 2tfð Þ points 1; 2; 3; 4 ð18Þ
The second part of the rpfx can be calculated as
rpfx
pf
¼
ðw=tfÞ2=4 point 1
ðw=tfÞ2=2 point 2
ðw=tfÞ2=4 point 3
ðw=tfÞ2=2 point 4
8>><
>>:
ð19ÞSo the mechanical stresses for these four points are as
follows:
rpfx
pf
¼
L=ð2tfÞ þ ðw=tfÞ2=4 point 1
L=ð2tfÞ  ðw=tfÞ2=2 point 2
L=ð2tfÞ  ðw=tfÞ2=4 point 3
L=ð2tfÞ þ ðw=tfÞ2=2 point 4
8>><
>>:
ð20Þ
Then the mechanical stresses on the y direction can be cal-
culated as
rpfy
pf
¼ m r
pf
x
pf
points 1; 2; 3; 4 ð21Þ
As the bottom face is displacement-limited, there pressure
on the horizontal side does not affect the r
pf
x . So the mechan-
ical stresses at bottom points are
rpfx
pf
¼ L
2tf
points 5; 6; 7; 8 ð22Þ
rpfy
pf
¼ m r
pf
x
pf
points 5; 6; 7; 8 ð23Þ
2.4. Numerical method
A numerical simulation is also used to calculate the tempera-
ture and stress distribution in the actively cooled panel for
comparison. The ﬁnite element analysis (FEA) method is
applied to calculating the thermal/stress distributions.
2.4.1. Thermal model
The energy conservation equation is
@
@x
k
@T
@x
 
þ @
@y
k
@T
@y
 
¼ 0 ð24Þ
The third boundary condition applied in this model is
expressed as
k @T
@n
 
w
¼ h Tw  Tlð Þ ð25Þ
where k is the thermal conductivity, subscript w means wall
and subscript l means liquid.
2.4.2. Stress model
The equation for the stress tensor is
@rxx
@x
þ @syx
@y
þ X ¼ 0
@sxy
@x
þ @ryy
@y
þ Y ¼ 0
8><
>:
ð26Þ
rxx
ryy
sxy
2
64
3
75 ¼ Eð1 lÞð1þ lÞð1 2lÞ
1 A1 0
A1 1 0
0 0 A2
2
64
3
75
exx  ð1þ lÞaDT
eyy  ð1þ lÞaDT
cxy
2
64
3
75
ð27Þ
where r is the normal stress, s is the shear stress, e is linear
strain, c is shear strain; A1 = l/(1  l), A2 = (1  2l)/
[2(1  l)], l is dynamic viscosity of the coolant.
2.4.3. Strength criterion
The Von Mises stress criterion is
1þ l
6E
ðrxx  ryyÞ2 þ r2yy þ r2xx
h i
 1þ l
6E
 2r2s ð28Þ
Fig. 5 Geometrical structure and the meshes for the cooling channel with and with no coating. (a) Cooling channel with no coating. (b)
Cooling channel with coating. (c) FEM meshes.
1406 X. Wang et al.r ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
r2xx  rxxryy þ r2yy
q
 rs ð29Þ
where rs is the allowable stress.
2.4.4. Numerical object and meshes
After the previous analysis of the heat transfer of the whole
combustion furnace in a 3D structure, a simpliﬁed 2D model
is prepared in this part of the work. Here it is assumed that
each cooling channel suffers the same load and that the tem-
perature and stress reach their maximum values on the outer
surface. Hence it is enough to analyze half of one cooling chan-
nel because of its symmetrical structure, as shown in Fig. 5(a)
and (b) for the cases with no coating and with coating.
Fig. 5(c) shows the meshes for the numerical simulation.
3. Initialization and boundary conditions
3.1. Materials
JP-7 is used as coolant in this work. It is made from petroleum
fraction and is composed of hydrocarbons like alkane, cycloal-
kane and so on. It has been used as the main fuel for hyper-
sonic vehicles. As it has a high endothermic capability, we
use it as coolant for the active cooling system. As the hydrocar-Table 1 Properties of JP-7.
Fuel Kf
(W/(mÆK))
lf (PaÆs) cp
(J/(kgÆK))
Prf qf (kg/m
3) Tcoke
(K)
JP-7 0.11 1.984 · 104 2575 4.64 800 975
Table 2 Properties of nickel alloy.
Material T* (K) rY (MPa) dr/dT (MPa/K) E (GP
Inconel X-750 1100 795 0.39 128
Inconel 625 1100 427 0.31 164
Hastelloy X 1368 346 0.1296 180bons-fuel coolant ﬂows through panels, the temperature of the
solid decreases and the temperature of the coolant increases,
and it is very helpful to the burning of the fuel. Its properties
are shown in Table 1, where Kf, lf, cp, qf and Tcoke mean the
thermal conductivity, viscosity, speciﬁc heat capacity, density
and coke temperature of the fuel, respectively; Prf is the Pra-
ndtl number of the fuel.
Nickel alloys are widely used in the aerospace ﬁeld because
of their high temperature resistance and high corrosion resis-
tance. There are three types of nickel alloys that have been
used as the solid material of the active cooling system. Their
main physical properties are listed in Table 2, where T*, rY,
dr/dT, and qs mean the maximum allowable temperature,
yield strength, yield strength variation with temperature, and
density of the solid materials, respectively.
ZrO2 is an excellent refractory material. It is selected as
the TBC to protect the actively cooled panels in this work.
The main properties of ZrO2 are listed in Table 3, where
kTBC, qTBC are thermal conductivity, density of the ZrO2.3.2. Boundary conditions
As the engine of the hypersonic vehicle is complex, three
assumptions are made in this work. Firstly, active coolinga) a (106/K) ks (W/(mÆK)) qs (kg/m
3) cp (J/(kgÆK))
16.0 23.0 8276 430
14.0 20.0 8440 430
15.0 18.9 8220 461.95
Table 3 Properties of ZrO2.
Material kTBC (W/(mÆK)) qTBC (kg/m
3) E (GPa) a (106/K) m
ZrO2 1.0 3000 190 10.3 0.36
Table 4 Analysis of temperature at main nodes of actively cooled panel with no TBC.
Material Node temperature (K)
1 2 3 4 5 6 7 8
Inconel X-750 995.7 924.3 977.8 878.6 660.2 660.2 660.2 660.2
Inconel 625 1004.1 929.0 983.4 879.0 656.8 656.8 656.8 656.8
Hastelloy X 1007.5 931.0 985.6 879.2 655.6 655.6 655.6 655.6
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The top face which attaches to the combustion chamber has
constant adiabatic wall temperature Taw and a constant con-
vective heat transfer coefﬁcient hG. Secondly, no heat is con-
ducted through the bottom face since it is at the side far of
the combustion chamber.
As the actively cooled panels have a periodicity, only half a
panel is selected for the analysis of thermal and stress distribu-
tions. In order to compare the theoretical and numerical
results, the same thermal and mechanical boundary conditions
are applied. These are as follows:
The top face: convection boundary condition. It is assumed
that the combustion is in a stable state with an adiabatic tem-
perature Taw = 3200 K and a convective heat transfer coefﬁ-
cient hG = 500 W/(m
2ÆK).
The inner face: convection boundary condition. The cool-
ant takes the heat from the panel when it is ﬂowing through
the channel. Different mass ﬂow rates result in different con-
vective heat transfer coefﬁcients of the inner face.
The bottom face: adiabatic boundary condition and no dis-
placement limit in the y direction.4. Results and discussion
4.1. Thermal analysis
The sizes of the actively cooled panel are chosen as H=
0.006 m, L= 0.00516 m, b= 0.5 m, w= 0.00464 m, tf =
0.00042 m, tc = 0.00042 m, equivalence ratio /= 1.5. For
stoichiometric combustion the fuel ﬂow rate (per unit width
of combustor) is Vst = 0.008 m
2/s. Upon specifying dimen-
sions, the effective ﬂow rate per unit width of panel is
Veffst ¼ Vstb= 2 bþHð Þ½  ¼ 0:003 m2=s. Considering the equiva-
lence ratio /= 1.5, the actual ﬂow rate then becomes
Veff ¼ /  Veffst ¼ 0:0045 m2=s.
Three nickel-based alloys (Inconel X-750, Inconel 625, and
Hastelloy X) are selected as the solid material choices for the
panel. The temperatures at the key nodes of the actively cooled
panel with Inconel X-750, Inconel 625, and Hastelloy X are
listed in Table 4. From the table we can see that for all the
three materials, the maximum temperature is at node 1 and
the minimum temperature is at the bottom side of the panel.Table 5 Analysis of temperature at main nodes of actively cooled
Material Node temperature (K)
1 2 3 4
Inconel X-750 972.7 903.9 955.5 8
Inconel 625 980.9 908.6 961.0 8
Hastelloy X 984.2 910.5 963.1 8By comparing the temperatures at node 1, node 2, node 3,
and node 4, we ﬁnd that the temperature decreases from the
center of the panel towards the ﬁn side in the part near the
combustor. However, the temperature in this area is still very
high, because a great amount of heat transfers from the com-
bustion chamber to the coolant in this part. Moreover, the
panel near the combustion chamber is exposed to the high tem-
perature combustor, and therefore its temperature is higher
than at the other side. In the part far from the combustor
the temperature is very low. Due to reduced heat exchange
in this part and the bottom face being thermally insulated,
its temperature almost equals that of the coolant.
By comparing the temperatures at a same node with dif-
ferent materials we can see that the temperature in Inconel
X-750 is lower than in Inconel 625 and Hastelloy X, and
the temperature in Hastelloy X is the highest. The thermal
conductivity has a great inﬂuence on the temperature distri-
bution. As Inconel X-750 has the higher thermal conductivity
and transfers heat to the coolant more easily, the tempera-
ture of Inconel X-750 is lower. The temperature differences
are small.
The temperature at the key nodes with a TBC = 0.0001 m
applied to the actively cooled panel, is shown in Table 5.
From Table 5 we can ﬁnd that the temperatures of the
actively cooled panel has a similar distribution, in which the
highest temperature is at node 1 and the lowest temperature
is at the bottom side of the panel. By comparing Tables 4
and 5, the temperature in the panel with TBC is lower than
the temperature in the panel with no TBC at the same point.
At the side near the combustion chamber the temperature with
TBC is about 20 K lower than with no TBC. At the side far
from the combustion chamber the temperature difference is
about 10 K. This indicates that the TBC does provide some
protection to the system.
A numerical method is used to simulate the temperature
distribution in the actively cooled panels. The same materials
and boundary conditions are considered in the simulation. In
order to have a comparison, calculations for the panels with
and with no TBC on the top face are performed.
The temperature distributions at the outlet cross section of
the actively cooled panel with no TBC using different materials
are shown in Fig. 6. Here we can see that the highest
temperature is at the center of the top panel and decreasespanel with TBC.
5 6 7 8
60.0 649.9 649.9 649.9 649.9
60.5 646.7 646.7 646.7 646.7
60.7 645.5 645.5 645.5 645.5
Fig. 6 Temperature distribution at the outlet cross section of
actively cooled panel with no TBC. (a) Inconel X-750. (b) Inconel
625. (c) Hastelloy X.
Fig. 7 Temperature distribution at the outlet cross section of
actively cooled panel with TBC. (a) Inconel X-750. (b) Inconel
625. (c) Hastelloy X.
1408 X. Wang et al.from the center towards the ﬁn, and at the bottom side the
panel temperature is almost equal to the fuel temperature.
The temperature distributions at the outlet cross section
of the actively cooled panel with TBC and with differentTable 6 Analysis of stress at main nodes of actively cooled panel w
Material Node stress (MPa)
1 2 3
Inconel X-750 Thermal stress 578.0 578.0 5
Mechanical stress 152.7 228.6 1
Inconel 625 Thermal stress 571.3 571.3 5
Mechanical stress 153.5 229.8 1
Hastelloy X Thermal stress 683.2 683.2 6
Mechanical stress 154.0 230.5 1materials are shown in Fig. 7. A similar temperature distribu-
tion is found as in the panel with no TBC. But the temperature
in Fig. 7 is lower than the temperature in Fig. 6 at the same
point for the same material. It indicates that the TBC provides
an effective protection for the actively cooled panel.
Since both the analytical and numerical methods can pro-
vide the temperature distribution for the panel of the cooling
system and the analytical method saves around 80% of com-
puting time, it is necessary to ﬁnd out how well the results of
these two methods agree with each other. Fig. 8 shows the
comparison of the temperature distribution between the
numerical and analytical results at the outlet cross section
of the actively cooled panel with no and with TBC. The
results show a reasonable agreement along the ﬁn in y
direction.
4.2. Stress analysis
The thermal stress and mechanical stress at the key nodes of
the actively cooled panel without TBC using Inconel X-750,
Inconel 625 and Hastelloy X are listed in Table 6. From the
table we can see that the maximum thermal stress occurs at
node 1 and the maximum mechanical stress happens at node
4 with all three materials.
Since the fuel pressure in the cooling channel stays
constant, the mechanical stress at the various nodes is small
and there is not a signiﬁcant difference between the materials
at the same nodes. However, the thermal stress for each
node with the various materials is different because of the
difference of thermal conductivity and elasticity module. Inco-
nel X-750 has a relatively high thermal conductivity and a low
elasticity module, so the Mises thermal stress is low at a same
heat load.
As mentioned earlier, to protect the combustor, a TBC with
a thickness of 0.1 mm is applied to the walls of the combustor.
Table 7 shows the thermal stress and mechanical stress at the
key nodes of the actively cooled panel with the TBC for Inco-
nel X-750, Inconel 625 and Hastelloy X. We have already men-
tioned that with the application of the TBC, a temperature
decrease of only 10–20 K is achieved, but the thermal stress
for our three materials decreases both at the top and bottom
walls. Hence, it indicates that the TBC can improve the ther-
mal stress so as to protect the materials. Although the TBC
improves the thermal stress distribution, it does little to
improve the mechanical stress because it relies more on the
pressure of the coolant.
A ﬁnite element method is also used to simulate the Mises
stress for the cooling channel with no and with TBC. Fig. 9ith no TBC.
4 5 6 7 8
48.9 548.9 563.4 563.4 563.4 563.4
01.5 279.7 25.5 25.5 25.5 25.5
40.0 540.0 555.1 555.1 551.1 551.1
02.0 281.3 25.7 25.7 25.7 25.7
42.7 642.7 663.0 663.0 663.0 663.0
02.4 282.1 25.8 25.8 25.8 25.8
Fig. 8 Comparison of temperature distribution between numerical and analytical results at outlet cross section of actively cooled panel
with no and with TBC. (a) Temperature distribution at the outlet cross section. (b) Temperature distribution along ﬁn in y direction.
Table 7 Analysis of stress at main nodes of actively cooled panel with TBC.
Material Node stress (MPa)
1 2 3 4 5 6 7 8
Inconel X-750 Thermal stress 556.1 556.1 528.1 528.1 542.1 542.1 542.1 542.1
Mechanical stress 152.7 228.6 101.5 279.7 25.6 25.6 25.6 25.6
Inconel 625 Thermal stress 549.7 549.7 518.6 518.6 534.2 534.2 534.2 534.2
Mechanical stress 153.5 229.8 102.1 281.3 25.7 25.7 25.7 25.7
Hastelloy X Thermal stress 657.5 657.5 618.5 618.5 637.9 637.9 637.9 637.9
Mechanical stress 154.0 230.5 102.4 282.1 25.8 25.8 25.8 25.8
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section of the actively cooled panel with no TBC. It can be seen
from the ﬁgure that the maximum Mises stress occurs at the
top wall and the minimum value is in the upper middle partof the rib of the channel. From Table 2 we get that the allow-
able stress for the materials Inconel X-750, Inconel 625 and
Hastelloy X are 795 MPa, 427 MPa and 346 MPa. In this case
only the Mises stress of Inconel X-750 is lower than its
Fig. 9 Mises stress distribution at outlet cross of actively
cooled panel with no TBC. (a) Inconel X-750. (b) Inconel 625.
(c) Hastelloy X.
Fig. 10 Mises stress distribution at the outlet cross section of
actively cooled panel with TBC. (a) Inconel X-750. (b) Inconel
625. (c) Hastelloy X.
Table 8 Analysis and numerical stress at main nodes of actively co
Material Node stress (MPa)
1 2 3
Analysis Thermal stress 578.0 578.0 54
Mechanical stress 152.7 228.6 10
Simulation Thermal stress 575.2 558.1 54
Mechanical stress 121.0 165.3 11
Table 9 Analysis and numerical stress at main nodes of the activel
Material Node stress (MPa)
1 2 3
Analysis Thermal stress 556.1 556.1 52
Mechanical stress 152.7 228.6 10
Simulation Thermal stress 543.7 501.9 46
Mechanical stress 125.0 176.2 11
1410 X. Wang et al.allowable stress, so this material is safe. However, materials
Inconel 625 and Hastelloy X are not within their safe working
conditions since the stress is much larger than their allowable
stress.
Considering both Figs. 6 and 9 we ﬁnd that under the
same thermal load, the temperature difference for the three
materials is small while the stress difference is big. Inconel
X-750 has the smallest stress among three materials, but
Inconel 625 and Hastelloy X have much larger stresses.
The Mises stress of materials depends predominantly on
the thermal expansion coefﬁcient and elasticity module. At
the same time different materials have various mechanical
characteristics. Inconel X-750 has a relatively high thermal
conductivity and low elasticity module, so under the same
heat load the Mises stress of Inconel X-750 is small, satisfy-
ing the requirement of the cooling channel. Meanwhile from
Fig. 9 we can see that the stress at the top wall is large
because the main heat transfer happens here and the maxi-
mum stress is at the top of the rib. One of the reasons is that
the part is exposed directly to the combustor. The other rea-
son is that the heat transfer is conducted from the top to the
bottom part of the rib by conduction and with the coolants
not providing a good convective heat transfer this results in
the maximum stress in this area. It shows that the maximum
stress happens at a position where the temperature does not
reach its maximum value.
It can also be seen that the stress close to the combustor
side is obviously bigger than at the side far from the combus-
tor, which tells us that working conditions for the side close to
the combustor are stricter, so the selection of the materials is
dictated by the conditions in this area.
Therefore, a TBC with a 0.1 mm thickness is applied to
the combustor’s wall to protect the combustor. Fig. 10 gives
the numerical Mises stress at the outlet cross section of the
actively cooled panel with the TBC. It can be seen from
the ﬁgure that the Mises stress is very high for the whole
TBC layer since it contacts with the high temperature com-
bustion gas and exchanges a lot of heat resulting in a much
higher stress than that of the materials of the cooling chan-
nel. Although the stress is very high for the TBC, the mate-oled panel with no TBC.
4 5 6 7 8
8.9 548.9 563.4 563.4 563.4 563.4
1.5 279.7 25.5 25.5 25.5 25.5
1.8 546.7 339.2 455.1 339.1 338.1
3.4 210.6 28.3 34.3 29.8 21.9
y cooled panel with TBC.
4 5 6 7 8
8.1 528.1 542.1 542.1 542.1 542.1
1.5 279.7 25.6 25.6 25.6 25.6
7.8 492.9 425.8 442.0 425.7 425.0
5.7 218.4 28.5 33.6 29.8 21.9
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with no TBC.
Considering both Figs. 7 and 10 we ﬁnd that under the
same thermal load, the Mises stress for Inconel X-750 is the
smallest and for Hastelloy X it is the biggest. Comparing the
cases of the three materials with no TBC, those with TBC have
much lower Mises stresses close to the combustor. It indicates
that the TBC delivers a great improvement for the materials at
high temperature.
Since both the analytical and numerical methods can pro-
vide the stress distribution for a panel of the cooling system
and the analytical method will save about 80% of the com-
puting time, it is necessary to ﬁnd out how well the results
of these two methods agree with each other. Tables 8 and 9
show the comparison of the stress distribution between
numerical and analytical results at the outlet cross section
of the actively cooled panel for material Inconel X-750 with
no TBC and with TBC respectively. The results show a sim-
ilar trend for the distribution of the thermal stress and the
mechanical stress. The value of mechanical stresses has a little
discrepancy between the analysis and the simulation methods.
The real structure of the actively cooled panel has round
chamfers on the corners. The numerical simulation considers
these chamfers, while the analytical method ignores these
chamfers. So the stress concentration would occur at point
4, and the analytical value is bigger than the numerical values
at point 4. The mechanical stress at point 4 affects the
mechanical stresses at other points a lot, especially point 2.
So the mechanical stress in analysis results is much bigger
than that in simulation results.5. Conclusion
(1) An analytic estimation and numerical modeling are per-
formed to investigate the thermal and structural charac-
teristics of actively cooled sandwich panels with Inconel
X-750, Inconel 625 and Hastelloy X, three nickel alloys,
with and with no TBC. The analytic model agrees well
with ﬁnite element calculations.
(2) The part near the combustion chamber is the main
working area of the active cooling system, the maximum
temperature and stress all occurs in this section. So the
part near the combustion chamber is the main area that
should be considered for judging whether the materials
will fail.
(3) Owing to Inconel X-750’s high thermal conductivity and
low Young’s modulus of elasticity, the maximum tem-
perature and stress in Inconel X-750 is lower than those
in other materials for a certain channel structure and
thermal load. Inconel X-750 is superior to the other
two materials that could be used as the solid part of
an active cooling system.
(4) With the addition of a TBC to the outside surface, which
is exposed to the combustion chamber, the temperature
of the channel does not signiﬁcantly decrease, but the
stress is reduced and is better distributed. In particular,
the barrier coating provides a good protection for low
yield strength materials such as Hastelloy X and it can
improve the material’s ability to withstand thermal
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